The cholinergic basal forebrain (CBF), comprising different groups of cortically projecting cholinergic neurons, plays a crucial role in higher cognitive processes and has been implicated in diverse neuropsychiatric disorders. A distinct corticotopic organization of CBF projections has been revealed in animal studies, but little is known about their organization in the human brain.
We explored regional differences in functional connectivity (FC) profiles within the human CBF by applying a clustering approach to resting-state functional magnetic resonance imaging (rsfMRI) data of healthy adult individuals (N = 85; 19-85 years) . We further examined effects of age on FC of the identified CBF clusters and assessed the reproducibility of cluster-specific FC profiles in independent data from healthy older individuals (N = 25; 65-89 years). Results showed that the human CBF is functionally organized into distinct anterior-medial and posterior-lateral subdivisions that largely follow anatomically defined boundaries of the medial septum/diagonal band and nucleus basalis Meynert. The anterior-medial CBF subdivision was characterized by connectivity with the hippocampus and interconnected nodes of an extended medial cortical memory network, whereas the posterior-lateral subdivision was specifically connected to anterior insula and dorsal anterior cingulate components of a salience/attention network. FC of both CBF subdivisions declined with increasing age, but the overall topography of subregion-specific FC profiles was reproduced in independent rs-fMRI data of healthy older individuals acquired in a typical clinical setting. Rs-fMRI-based assessments of subregionspecific CBF function may complement established volumetric approaches for the in vivo study of CBF involvement in neuropsychiatric disorders.
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| INTRODUCTION
Nuclei of cholinergic neurons in the basal forebrain innervate the entire cerebral cortex and limbic structures such as the hippocampus (Luiten, Gaykema, Traber, & Spencer Jr., 1987; . Corticopetal signaling from the cholinergic basal forebrain (CBF) modulates neuronal activity in its cortical target regions and has been implicated in attentional processes as well as in synaptic plasticity, learning, and memory (Ballinger, Ananth, Talmage, & Role, 2016; Hasselmo & Sarter, 2011) . Dysfunction of the CBF has been associated with a range of neuropsychiatric disorders, including schizophrenia (Sarter, Lustig, & Taylor, 2012) , autism (Perry et al., 2001 ), Alzheimer's disease, and Lewy body disease (Rogers, Brogan, & Mirra, 1985; Whitehouse et al., 1982; Whitehouse, Hedreen, White 3rd, & Price, 1983) .
According to Mesulam's nomenclature , the CBF can be cytoarchitectonically subdivided from anterior to posterior into four main cell groups (Ch1-4), which reflect cholinergic neurons of the medial septum (MS, Ch1), the vertical (Ch2) and horizontal (Ch3) limb of the diagonal band of Broca (DB), and the nucleus basalis Meynert (NBM, Ch4). The NBM represents the largest cluster of cholinergic neurons within the CBF and can be further subdivided into anterior-medial and anterior-lateral (Ch4am, Ch4al), intermediate (Ch4i), and posterior (Ch4p) sections based on anatomo-topographic characteristics. Evidence from axonal tracer studies in rodents and nonhuman primates indicates that CBF neurons project to the cortex in a distinct topographic organization. Thus, anterior-medial cell clusters of the CBF project predominantly to the hippocampus and ventromedial cortical regions, whereas the projection density progressively shifts to lateral neocortical areas for more posterior-lateral cell clusters (Bloem et al., 2014; Ghashghaei & Barbas, 2001; Luiten et al., 1987; Zaborszky et al., 2015) .
In the human brain, cholinergic cell clusters are arranged in a similar anatomic topography within the CBF (Hedreen, Struble, Whitehouse, & Price, 1984; Mesulam & Geula, 1988) , and the cholinergic pathways emanating from the CBF travel through analogous fiber bundles to their cortical target areas (Kitt, Mitchell, DeLong, Wainer, & Price, 1987; Mesulam, Hersh, Mash, & Geula, 1992; Selden, Gitelman, Salamon-Murayama, Parrish, & Mesulam, 1998) . However, given that direct axonal tracing studies are not feasible in humans, little is known about the corticotopic organization of CBF projections in the human brain (Mesulam & Geula, 1988) .
Over the last years, functional connectivity (FC) analysis of resting-state functional magnetic resonance imaging (rs-fMRI) data has emerged as a powerful in vivo tool to study interconnected neuronal systems and subcortical-cortical interactions in the human brain (Englot et al., 2017; Libby, Ekstrom, Ragland, & Ranganath, 2012; Roy et al., 2009; Zhang, Hu, Chao, & Li, 2016) . This method has previously been used to characterize the FC profile of the NBM using a seed region derived from a cytoarchitectonically-defined stereotactic atlas of CBF nuclei (Li et al., 2014; Zaborszky et al., 2008) . Although this study provided unprecedented insight into the cortical connectivity of the NBM in the human brain, it was limited in scope by the focus on an a priori defined NBM seed region. More recently, connectivity differences between CBF subdivisions were explored using rs-fMRI data from young adults (Markello, Spreng, Luh, Anderson, & De Rosa, 2018) but not yet across a wider age range or in an older population.
In the present study, we used FC-based parcellation of the CBF as a well-established data-driven approach for studying FC characteristics of presumably functionally heterogeneous brain regions (Eickhoff, Thirion, Varoquaux, & Bzdok, 2015; Kahnt, Chang, Park, Heinzle, & Haynes, 2012; Mishra, Rogers, Chen, & Gore, 2014; Pascual et al., 2015; Zhang, Snyder, Shimony, Fox, & Raichle, 2010; Zhuo et al., 2016) . Parcellation was based on a comprehensive cytoarchitectonically defined spatial outline of the CBF without predefined segments. Based on the distinct corticotopic organization of CBF projections observed in rodents and nonhuman primates, we hypothesized that the human CBF may be parcellated into at least two clearly functionally distinct subdivisions along its anterior-posterior axis that reflect the previously described preferential projections to hippocampus/ventromedial cortex and lateral neocortical areas, respectively.
We then characterized the identified CBF FC profiles in relation to well-described cortical functional networks (Yeo et al., 2011) , examined negative effects of age on FC of the different CBF subdivisions, and assessed the reproducibility of subdivision-specific FC patterns in independent rs-fMRI data of healthy older individuals as acquired in a typical clinical setting.
| MATERIALS AND METHODS

| Subjects
Imaging data were obtained from the Nathan Kline Institute (NKI)/ Rockland sample (Nooner et al., 2012) , available through the International Neuroimaging Data-Sharing Initiative (http://fcon_1000. projects.nitrc.org). From this population-based cohort (N = 207), we first selected all subjects with an age over 17 years as well as no current or lifetime diagnosis of mental disorders according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR; American Psychiatric Association, 2000) (N = 105). Two subjects were rejected because of missing information regarding the DSM-IV-TR information, and one subject was rejected because of missing structural imaging data. After preprocessing (see below), we excluded the imaging data of subjects with more than 2 mm and 2 in maximum head motion (N = 17). In total, 85 subjects (age range: 19-85 years, 47 males) were included in the parcellation procedure.
For validation purposes, we applied our parcellation results on rsfMRI data of an independent sample derived from our local cohort of healthy elderly volunteers recruited at the DZNE in Rostock (N = 25, age range: 65-89 years, 13 males). Acquisition parameters and preprocessing procedures for the 3T MRI data of this sample have previously been described in detail (Dyrba, Grothe, Kirste, & Teipel, 2015) and followed similar settings as described for the NKI/Rockland sample in the next sections.
| Image acquisition
Ten-min rs-fMRI scans were obtained from all subjects on a single 3T 
| Preprocessing
We used the advanced version of the Data Processing Assistant Exponentiated Lie Algebra (DARTEL) (Ashburner, 2007) . We regressed out nuisance covariates in the rs-fMRIs with 24 head motion parameters (Friston, Williams, Howard, Frackowiak, & Turner, 1996) , as well as global, WM, and CSF signal as nuisance regressors, including a linear detrend. Subsequently, rs-fMRIs were normalized to MNI space using the normalization parameters of the coregistered sMRI scans. Finally, the rs-fMRIs were smoothed with a 6 mm full width at half maximum Gaussian ker- 
| Definition of CBF region of interest and FC analyses
A comprehensive CBF region-of-interest (ROI) was defined in the MNI space template based on combined information from existing stereotactic atlases of basal forebrain cholinergic nuclei in MNI space (Kilimann et al., 2014; Teipel et al., 2005; Zaborszky et al., 2008) . This 
| Experimental design and statistical analysis 2.5.1 | Connectivity based parcellation
The CBF ROI was parcellated into functionally homogeneous subdivisions by clustering its voxels based on the similarity of their averaged FC maps on group-level using the k-means clustering algorithm (Eickhoff, Laird, Fox, Bzdok, & Hensel, 2016; Lloyd, 1982) . For this, the data were first organized into an n-by-m matrix representing the FC maps of all CBF voxels, where n represents the voxels in the CBF ROI (189 voxels) and m all other brain GM voxels with their corresponding FC values. Similarity between the voxels' FC maps was estimated using Pearson's correlation coefficient, and one minus the correlation coefficient was used as a distance measure. The k-means clustering algorithm then partitioned the CBF voxels (rows of the nby-m matrix) by initially assigning all voxels to k different clusters based on centroids positioned by chance and iteratively reassigning the voxels until the intra-cluster distances across all clusters reached a minimum (maximum 1,000 iterations). For each k, the clustering was repeated for 100 random starting positions of the initial centroids and the best solution was chosen based on the mean silhouette value for all voxels (Kaufman & Rousseeuw, 1990) . The silhouette value ranges from −1 to +1 and measures the similarity of a given voxel to all other voxels within the same cluster compared to the voxels in the other clusters.
In our primary analysis, we set k = 2, because we hypothesized that the well-described cortical projection differences between anterior-medial (MS, DB) and posterior-lateral (NBM) CBF subdivisions in animal models (Luiten et al., 1987; would be detected as differential rs-fMRI FC profiles in the human CBF. In additional analyses using k = 3 and k = 4, we further explored the feasibility of using rs-fMRI data for detecting even more fine-grained functional distinctions among CBF divisions in the human brain. 
| Cluster-wise FC
For each cluster of the final CBF parcellations, we determined the specific FC profile leading to the definition of that cluster. Cluster-tovoxel FC maps were calculated for each individual and subjected to second-level one-sample t-tests, using age and gender as covariates, and restricting the search space to the GM mask that was also used for the FC maps driving the CBF parcellation. Because of the uncertain interpretation of negative time course correlations (anticorrelations) that can emerge as an artifact of global signal regression, we only considered positive effects in the FC maps (Murphy & Fox, 2017) . Results are reported at a voxel-wise statistical threshold of p < .05, corrected for multiple testing using the family-wise error rate (FWE).
Given animal-derived evidence for a functional topography of CBF projections that follows the organization of interconnected cortical systems (Ghashghaei & Barbas, 2001; Zaborszky et al., 2015) , we further analyzed FC profiles of the CBF in relation to functional brain networks using an established parcellation of the human cerebral cortex into 17 intrinsically connected networks (Yeo et al., 2011) . For each subject, the CBF clusters' signal time courses were correlated with the average signal time course of each of the 17 networks. These correlations were Fisher z-transformed, and significance of their deviance from zero was assessed using one-sample t-tests.
| Effects of age on cluster-wise FC
Effects of age on CBF FC were assessed for the two principal CBF subdivisions revealed by the k = 2 clustering parcellation. Analyses employed voxel-wise linear regressions of age on cluster-specific FC maps and were controlled for gender. The search space was restricted to the thresholded positive connectivity profile of each CBF cluster, and statistical significance was assessed at p < .05, corrected for the false discovery rate (FDR).
| Replication of cluster-wise FC profiles in an independent sample
For the two principal CBF subdivisions identified in our primary analysis, we calculated cluster-wise FC profiles within the independent replication sample using FC analyses as described above. Topographic correspondence between the cluster-wise FC profiles derived from the two independent samples was quantified using spatial correlation (Pearson's r) of the sample-specific FC signals across all cortical networks (Buckner et al., 2009; Fjell et al., 2015; .
3 | RESULTS 3.1 | Connectivity-based parcellation k-means clustering for k = 2 parcellated the CBF into an anteriormedial cluster (aCBF) and a posterior-lateral cluster (pCBF; Figure 1 ).
The aCBF cluster mostly covered the rostral nuclei of the MS/DB but also included anterior-medial parts of the NBM (Figure 1a Table 1 ). The pCBF cluster covered the remaining anteriorlateral, intermediate, and posterior parts of the NBM (Figure 1a) , and markedly differed in its FC profile from the aCBF cluster; there was At higher cluster numbers (k = 3 and 4), the aCBF cluster was further partitioned into two and three subclusters, whereas the pCBF cluster remained virtually unchanged (Figure 2 ). The first partition (k = 3) separated a region corresponding to anterior-medial parts of the NBM that was characterized by a more selective FC profile with anterior medial temporal and ventromedial prefrontal regions compared to the parent cluster (k3_2; blue cluster in upper part of Figure 2 ). The second partition (k = 4) further subdivided the remainder of the aCBF cluster along a horizontal axis anterior to the crossing of the anterior commissure, although the resulting dorsal and ventral subclusters were characterized by very similar FC profiles (k4_1 and k4_2; cyan and orange clusters in bottom part of Figure 2 ).
| Connectivity with cortical networks
We further characterized the distinct FC profiles of the principal aCBF and pCBF clusters with respect to functional cortical networks (Table 2 , Figure 3 ). In accordance with the voxel-wise profiles, the aCBF cluster showed significant positive FC with limbic networks centered on orbitofrontal (t(84) = 16.8, p < .001) and anterior-medial temporal cortices (t(84) = 8.9, p < .001), as well as with midline (t (84) = 6.2, p < .001) and posterior-medial temporal subsystems of the default mode network (DMN) (t(84) = 5.1, p < .001). The pCBF cluster also showed positive FC with the anterior-medial temporal limbic network (t(84) = 15.5, p < .001) but differed from the aCBF cluster in showing selective FC with the posterior ventral attention network (VAN) (t(84) = 9.6, p < .001), as well as with lateral-temporal parts of the DMN (t(84) = 6.5, p < .001) and the ventrolateral somatomotor network (t(84) = 6.4, p < .001).
| Subregion-specific effects of age
Voxel-wise effects of age on FC of the aCBF and pCBF subdivisions are shown in Figure 4 . For the aCBF, higher age was associated with lower FC with the ventromedial prefrontal cortex, hippocampus, and the basal ganglia. For the pCBF, higher age was associated with lower FC with the dACC, anterior insula, lateral orbitofrontal cortex, and basal ganglia.
| Replication sample
Seed-based FC analyses in the replication sample produced very similar FC profiles of the aCBF and pCBF subdivisions as initially identified 
| DISCUSSION
| CBF subdivisions and their respective FC profiles
In line with our initial hypothesis, a two-cluster solution parcellated the CBF into distinct anterior-medial and posterior-lateral clusters that were characterized by largely differing FC profiles. Although these clusters were automatically defined based solely on FC characteristics and not constrained by any predefined segments or manual groupings, their boundary shows a striking anatomic resemblance with the distinction between cytoarchitectonically defined MS/DB (Ch1-3) and NBM (Ch4) subdivisions as revealed by stereotactic mappings (Kilimann et al., 2014; Zaborszky et al., 2008) .
However, this correspondence between functionally and cytoarchitectonically defined subdivisions was not complete, given that the aCBF cluster also covered anterior-medial parts of the NBM, project predominantly to the lateral neocortex and mesocortex, particularly the ventrolateral orbital cortex, insula, and temporal pole (Luiten et al., 1987; , and these sites are also dominantly represented in our observed pCBF FC profile. In contrast to the pCBF-dACC connectivity observed here, the ACC has been reported to receive cholinergic input primarily from anteriormedial parts of the NBM ).
However, a recent detailed topographic mapping study between CBF neurons and medial prefrontal cortex in mice indicated that this may only be true for the ventral ACC, whereas the dACC was found to be most densely connected with more posterior CBF neurons (Bloem et al., 2014) . Furthermore, the prominent insula-dACC-thalamus connectivity of the identified pCBF subdivision reported here largely replicates the FC profile of the NBM reported in a previous study using an a priori seed region based on a cytoarchitectonically defined stereotactic map (Li et al., 2014) . Although axonal tracing studies have documented selective projections from the NBM into the thalamic reticular nucleus (Hallanger, Levey, Lee, Rye, & Wainer, 1987; , the main cholinergic innervation of the thalamus does not arise from the CBF but from cholinergic nuclei within the brainstem (Ch5/6) ).
Thus, the pCBF/NBM-thalamus connectivity observed in rs-fMRI data may also reflect an indirect functional connection mediated by CBF = cholinergic basal forebrain; aCBF = anterior-medial cluster; pCBF = posterior-lateral cluster; n.s. = not significant (false discovery rate-corrected alpha = 0.003). Note. Network numbers correspond to their initial description in (Yeo et al., 2011) . According to (Hansson et al., 2017) , these may be termed as follows: 1, higher visual; 2, primary visual; 3, dorsal somatomotor network ( the common implication of these structures in a larger functional brain network (see further discussion below). Although only very limited data on FC characteristics of anterior-medial parts of the CBF is available from one recent rs-fMRI study (Markello et al., 2018) , the observed profile of most pronounced aCBF FC with the hippocampus and interconnected areas of the retrosplenial/posterior cingulate and ventromedial prefrontal cortex is well in line with this recent study and largely agrees with the axonal tracing literature on cortical projection patterns of the anterior CBF nuclei (Bloem et al., 2014; Gaykema, Luiten, Nyakas, & Traber, 1990; Parvizi, Van Hoesen, Buckwalter, & Damasio, 2006) .
Although the aCBF and pCBF subdivisions are characterized by largely diverging cortical FC profiles, they also show a notable convergence in connectivity within areas of the posterior ventromedial prefrontal cortex, temporal pole, and especially hippocampus and amygdala. Besides receiving the most dense cholinergic innervation among all brain regions (Mesulam, Volicer, Marquis, Mufson, & Green, 1986) , these key limbic and paralimbic structures are also the only cortical areas that provide neural input into the CBF (Mesulam & Mufson, 1984) . A limitation of the FC metric used in our human in vivo study is that it cannot distinguish the signaling direction of the functional connection. Future studies may use effective connectivity paradigms based on experimentally evoked brain activity to further explore the directionality of the identified CBF-cortical connectivity profiles (Friston et al., 2017) .
| Relation to cortical functional networks
Visually the aCBF FC profile resembles a previously described medial temporal DMN subsystem/episodic memory network (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010; Vincent et al., 2006) , whereas the prominent insula/dACC components of the pCBF FC profile are characteristic of a distinct network that has been variably referred to as VAN, salience, or cingulo-opercular network (Dosenbach et al., 2007; Seeley et al., 2007) . This network-specific connectivity of aCBF and pCBF subdivisions could also be confirmed by quantitative assessment using standardized templates of well-described cortical brain networks (Yeo et al., 2011) . Interestingly, a specific connectivity of the pCBF with the VAN agrees with findings from a previous molecular imaging study demonstrating a disproportionately high density of cortical nicotinergic receptors in this particular brain network (Picard et al., 2013) .
In general, the finding of network-specific FC profiles of the identified aCBF and pCBF subdivisions coincides with previous evidence from axonal tracing studies in animal models indicating a functionally based topographical organization of CBF projections (Zaborszky et al., 2015) . Thus, the cortical projection patterns of distinct CBF subdivisions appear to be determined by the functional relatedness and interconnectivity of the cortical target areas, rather than following strict anatomic gradients of spatial adjacency. It has been hypothesized that this complex corticotopic organization of CBF projections might facilitate coordinate control of spatially separated but functionally linked nodes of large-scale cortical networks (Ballinger et al., 2016) .
The specific FC of the aCBF with the medial temporal DMN/ episodic memory network and of the pCBF with the VAN matches the assumed roles of these CBF subdivisions in particular cognitive functions, as revealed by selective lesion studies in animal models.
Thus, septohippocampal projections of the anterior CBF have been specifically implicated in memory processes, whereas the neocortical projections of the NBM appear to be more closely related to attentional functions (Berger-Sweeney et al., 2001; Voytko et al., 1994) . Future studies combining in vivo FC measures of the identified CBF subdivisions with detailed psychometric assessments may allow studying in more detail the role of CBF signaling in human cognition, thereby complementing analogous covariance-based studies on the cognitive correlates of structural CBF decline in aging and neurodegenerative disease (Butler et al., 2012; Grothe, Heinsen, Amaro Jr., Grinberg, & Teipel, 2016; Ray et al., 2015) . projections to the hippocampus and ventromedial cortex in animal models, and accordingly this subdivision has been described as a transitional zone between the anterior and posterior CBF (Luiten et al., 1987; . In a second step, the most anterior medial cluster further split along a horizontal axis at the level of the anterior commissure, which may potentially reflect connectivity differences between the MS/vertical DB and the horizontal DB. However, in contrast to the parcellated subdivisions identified in the previous steps, this distinction was only based on very subtle differences in the respective FC profiles.
In this context, it has to be noted that the employed clustering approach is explorative in nature, and the correct number of meaningful subdivisions is not known a priori. Rather, the approach allows exploring regional differences in FC characteristics across increasing parcellation resolutions. The marginal difference in FC profiles at the highest examined clustering solution indicates that this resolution may represent a limit for resolving meaningful functional differences among CBF subdivisions by means of conventional rs-fMRI acquisitions. Future studies using ultra-high field fMRI acquisitions may potentially further improve the corticotopic mapping of human CBF connectivity (Maass, Berron, Libby, Ranganath, & Duzel, 2015) .
| Rs-fMRI CBF connectivity as an in vivo marker of alterations in CBF function
We demonstrated the potential of using rs-fMRI to investigate alterations in CBF function by showing a significant age-related decline in subregion-specific CBF FC. This finding may reflect the well-described decrease in cholinergic tone during normal brain aging, which is believed to underlie subtle impairments in cognition and a higher susceptibility to anticholinergic side effects (Risacher et al., 2016; Schliebs & Arendt, 2011) . Most interestingly, despite both CBF subdivisions showing prominent connectivity to the hippocampus, only the hippocampal connectivity of the aCBF subdivision was negatively affected by advancing age. Although this finding nicely coincides with the marked age effects on cholinergic septohippocampal projections described in animal models (Ypsilanti, Girao da Cruz, Burgess, & Aubert, 2008) , it has to be noted that our in vivo connectivity approach cannot distinguish between cholinergic and non-cholinergic neuron populations in the examined CBF-mask. Although definition of this region was based on stereotactic mappings of histologically determined CBF nuclei in the human brain (Kilimann et al., 2014; Teipel et al., 2005; Zaborszky et al., 2008) , this brain area also contains non-cholinergic, particularly GABAergic, projection neurons that may show similar age-related changes (Rubio et al., 2012; Yang, Thankachan, McCarley, & Brown, 2017) . Irrespective of this limitation, these findings underline the importance of using functionally homogeneous seed regions when studying age or disease-related CBF con- 
| CONCLUSION
Our study paves the way for using rs-fMRI-based assessments of subregion-specific CBF function to complement established volumetric approaches in the in vivo study of CBF involvement in cognitive aging and neurodegenerative disease (Grothe, Heinsen, & Teipel, 2012; Schmitz & Spreng, 2016) . As a first step toward such applications, we demonstrated that the dissociated FC profiles of the identified CBF subdivisions are reproducible in rs-fMRI acquisitions of elderly participants as typically collected in clinical research settings.
We expect rs-fMRI-based assessments of CBF connectivity to be particularly useful for the study of functional CBF alterations in predementia stages of neurodegenerative disease (Brayda-Bruno et al., 2013; Grothe, Ewers, Krause, Heinsen, & Teipel, 2014; Lim et al., 2015; Ray et al., 2017) , as well as other neuropsychiatric conditions with cholinergic involvement that are not typically associated with gross neurodegeneration Perry et al., 2001; Sarter et al., 2012) .
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